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1. Introduction 

While the LHC methodically examines the energy scale of the electroweak theory 
and above, it is time to recall the two criteria for evaluating a physical theory, 
mentioned by A. EinsteinM^ The first point of view is obvious: a theory must not 
contradict empirical facts, and it is called the "external confirmation" . The test of 
this criterion both for the standard model and its various extensions is now engaged 
in the LHC. The second point of view called the "inner perfection" of the theory, 
may be very important to refine the search area for new physics. 

All existing experimental data in particle physics are in good agreement with 
the standard model predictions. However, the problems exist which could not be 
resolved within the standard model and it is obviously not a complete or final 
theory. It is unquestionable that the standard model should be the low-energy limit 
of some higher symmetry. The question is what could be this symmetry. And the 
main question is, what is the mass scale of this symmetry restoration. A gloomy 
prospect is the restoration of this higher symmetry at once on a very high mass 
scale, the so-called gauge desert. A concept of a consecutive symmetry restoration 
is much more attractive. It looks natural in this case to suppose a correspondence of 
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the hierarchy of symmetries and the hierarchy of the mass scales of their restoration. 
Now we are on the first step of some stairway of symmetries and we try to guess what 
could be the next one. If we consider some well-known higher symmetries from this 
point of view, two questions are pertinent. First, isn't the supersymmetry-^ as the 
symmetry of bosons and fermions, higher than the symmetry within the fermion 
sector, namely, the quark-lepton symmetry,^ or the symmetry within the boson 
sector, namely, the left-right symmetry '«j~UJ Second, wouldn't the supersymmetry 
restoration be connected with a higher mass scale than the others? The recent 
searches for supersymmetry carried out at the Tevatron and the LHC colliders 
shown that no significant deviations from the standard model predictions have been 
found, the vast parameter space available for supersymmetry has been substantially 
reduced and the most probable scenarios predicted by electroweak precision tests 
are now excluded or under some constraints after the new stringent limits. 

We should like to analyse a possibility when the quark-lepton symmetry is the 
next step beyond the standard model. Along with the "inner perfection" argument 
for this theory, there exists a direct evidence in favor of it. The puzzle of fermion 
generations is recognized as one of the most outstanding problems of present particle 
physics, and may be the main justification for the need to go beyond the standard 
model. Namely, the cancellation of triangle axial anomalies which is necessary for 
the standard model to be renormalized, requires that fermions be grouped into 
generations. This association provides an equation ^ f T^f Q 2 f — 0, where the sum- 
mation is taken over all fermions of a generation, both quarks of three colors and 
leptons, T$f is the 3d component of the weak isospin, and Qf is the electric charge 
of a fermion. Due to this equation, the divergent axial-vector part of the triangle 
Z77 diagram with a fermion loop vanishes. 

The model where a combination of quarks and leptons into generations looked 
the most natural, proposed by J.C. Pati and A. SalarrP was based on the quark- 
lepton symmetry. The lepton number was treated in the model as the fourth color. 
As the minimal gauge group realizing this symmetry, one can consider the semi- 
simple group SU(4)v ® SU(2)l <8> Gr. To begin with, one can take the group U(1)r 
as Gr. The fermions were combined into the fundamental representations of the 
SU(4)v subgroup, the neutrinos with the up quarks and the charged leptons with 
the down quarks: 



f U t\ 



w 



f dl \ 

d 2 
d 3 



1 = 1,2,3... (?) 



(1) 



where the superscripts 1,2,3 number colors and the subscript i numbers fermion 
generations, i.e. Ui denotes u, c, t, . . . and di denotes d,s,b,.... 

The left-handed fermions form fundamental representations of the SU(2)l sub- 
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group: 



(2) 

L \ v / L 

One should keep in mind that when considering the mass eigenstates, it is necessary 
to take into account the mixing of fermion states (JTJ), (J5J, to be analysed below. 

Let us remind that such an extension of the standard model has a number of 
attractive features. 

(1) As it was mentioned above, definite quark-lepton symmetry is necessary in order 
that the standard model be renormalized: cancellation of triangle anomalies 
requires that fermions be grouped into generations. 

(2) There is no proton decay because the lepton charge treated as the fourth color 
is strictly conserved. 

(3) Rigid assignment of quarks and leptons to representations ([l} leads to a natu- 
ral explanation for a fractional quark hypercharge. Indeed, the traceless 15-th 
generator T^ 5 of the SU(4)y subgroup can be represented in the form 

/ill \ /o 

(3) 

It is remarkable that the values of the standard model hypercharge of the left- 
handed quarks and leptons combined into the SU(2)l doublets turn out to be 
placed on the diagonal. Let us call it the vector hypercharge, Yy, and assume 
that it belongs to both the left- and right-handed fermions. 

(4) Let us suppose that Gr = U(1)r. The well-known values of the standard model 
hypercharge of the left and right, and up and down quarks and leptons are: 

-r 

for q L ; 




Y 



SM 




fori, 



•1 



for qa; 



for . 



(4) 



Then, from the equation Y$m = Yy + Yr, taking Eq. © into account, one 
obtains that the values of the right hypercharge Yr occur to be equal ±1 for the 
up and down fermions correspondingly, both quarks and leptons. It is tempting 
to interpret this circumstance as the indication that the right-hand hypercharge 
is the doubled third component of the right-hand isospin. Thus, the subgroup 
G R may be SU{2) R . 

"Under these circumstances one would be surprised if Nature had made no use 
of it" , as P. Dirac wrote on another occasion!^ 

The most exotic object of the Pati-Salam type symmetry is the charged and 
colored gauge X boson named leptoquark. Its mass Mx should be the scale of 
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breaking of SU(4)v to SU(3) C . Bounds on the vector leptoquark mass are obtained 
both directly and indirectly, see Ref. [TU1 pp. 490-494, and Ref. [TTJ The recent direct 
search^ for vector leptoquarks using T + r~bb events in pp collisions at E cm = 1.96 
TeV have provided the lower mass limit at a level of 250-300 GeV, depending on 
the coupling assumed. Much more stringent indirect limits are calculated from the 
bounds on the leptoquark-induced four-fermion interactions, which are obtained 
from low-energy experiments. There is an extensive series of papers where such 
indirect limits on the vector leptoquark mass were estimated, see e.g. Refs. [T3H231 
The most stringent bounds were obtained from the data on the 7r — > ev decay 
and from the upper limits on the K^ — > e\x and B° — > er decays. However, those 
estimations were not comprehensive because the phenomenon of a mixing in the 
lepton-quark currents was not considered there. It will be shown that such a mixing 
inevitably occurs in the theory. 

An important part of the model under consideration is its scalar sector, which 
also contains exotic objects such as scalar leptoquarks. We do not concern here the 
scalar sector, which could be much more ambiguous than the gauge one. Such an 
analysis can be found e.g. in Refs. [22l [23l [24] 

The paper is organized as follows. In Sec. [21 it is argued that three types of 
fermion mixing inevitably arise at the loop level if initially fermions are taken with- 
out mixing. The effective four-fermion Lagrangian caused by the leptoquark inter- 
actions with quarks and leptons is presented in Sec. [3l In Sec. 21 the constraints on 
the parameters of the scheme are obtained based on the data from different low- 
energy processes which are strongly suppressed or forbidden in the standard model. 
Combined constraint on the vector leptoquark mass from the 7r, K, r and B decays 
is obtained in Sec. [SJ In Sec. [HI combined constraint on the vector leptoquark mass 
from the same processes is obtained in the case of different mixings for left-handed 
and right-handed fermions. In Sec. one more mixing independent bound on the 
vector leptoquark mass is presented, coming from the decay 7r° — > vv. 



2. The third type of fermion mixing 

As the result of the Higgs mechanism in the Pati-Salam model, fractionally charged 
colored gauge A-bosons, vector leptoquarks appear. Leptoquarks are responsible 
for transitions between quarks and leptons. The scale of the breakdown of SU(A)v 
symmetry to SU(3) C is the leptoquark mass Mx- The three fermion generations are 
grouped into the following {4, 2} representations of the SU{A)v ® SU(2)l group: 

U l d l) (» = 1,2,3). (5) 

' i 

where c is the color index to be further omitted. It is known that there exists the 
mixing of quarks in weak charged currents, which is described by the Cabibbo- 
Kobayashi-Maskawa matrix. Therefore, at least one of the states in ([!]), u or d, is 
not diagonal in mass. It can easily be seen that, because of mixing that arises at 
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X 




d (s, b) 

Fig. 1. Feynman diagram illustrating the appearance of fermion mixings. 

the loop level, none of the components is generally a mass eigenstate. As usual, 
we assume that all the states in ([5]), with the exception of d, are initially diagonal 
in mass. This leads to nondiagonal transitions I — >• X + d(s, b) — > £' through a 
quark- leptoquark loop, see Fig. 1. As this diagram is divergent, the corresponding 
counterterm should exist at the tree level. This means that the lepton states i in 
(J5J) are not the mass eigenstates, and there is mixing in the lepton sector. Other 
nondiagonal transitions arise in a similar way. Hence, in order that the theory be 
renormalizable, it is necessary to introduce all kinds of mixing even at the tree level. 
As all the fermion representations are identical, they can always be regrouped in 
such a way that one state is diagonal in mass. The most natural way is to diagonalize 
charged leptons. In this case, fermion representations can be written in the form 

u d\ (u e d e \ (u^ dfi\ (u T d T 



, i , , ■ , , ■ , , ■ (6) 

Here, the quarks and neutrinos subscripts £ = e, fi,r label the states which are not 
mass eigenstates and which enter into the same representation as the charged lepton 

I: 

V( = 2_, K-£i v i ! u e — /2 Ulp u p i di=) j Vi n dn . (7) 

i p n 

Here, J Cu is t he unitary leptonic mixing matrix by Pontecorvo-Maki-Nakagawa- 
Sakata!^"^ The matrices bte p and T>t n are the unitary mixing matrices in the 
interactions of leptoquarks with the up and down fermions correspondingly, both 
quarks and leptons. The states z^, u p and d n are the mass eigenstates: 

u p = (ui,u 2 ,u 3 ) = (u,c,t), (8) 

d n = (di,d 2 ,d 3 ) = (d,s,b). 

Thus, there are generally three types of mixing in this scheme. 

In our notation, the well-known Lagrangian describing the interaction of charge 
weak currents with VF-bosons takes the form 

C W = J- \(v t OJ) + (u e O a d e )] W* a + h.c. 
2y2 



9 



2^/2 



[K* u (piOJ) + U* lv V gn (u p O Q d n )] W* + h.c, (9) 
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where g is the constant of the SU(2)l group and O a = j a (1 — 75). It follows that 
the standard Cabibbo-Kobayashi-Maskawa matrix is V = U^T>. This is the only 
available information about the matrices U and T> of mixing in the leptoquark sector. 
The matrix /C describing a mixing in the lepton sector is the subject of intensive 
experimental studies. 

Following the spontaneous breakdown of the SU(A)v symmetry to SU(3) C on the 
scale of Mx, six massive vector bosons forming three charged colored leptoquarks, 
decouple from the 15-plet of gauge fields. The interaction of these leptoquarks with 
fermions has the form 

c x = 9s{ ^ x) [v en (h a d c n ) + (tfu). p (watf)] K + h.c, (io) 

where the color superscript c is written explicitly once again. The coupling constant 
gs {Mx) is expressed in terms of the strong-interaction constant as on the scale of 
the leptoquark mass Mx as g s (Mx) /47r = as (Mx)- 

3. Effective Lagrangian with allowance for QCD corrections 

If the momentum transfer satisfies the condition q 2 -c M Xl the Lagrangian ([T0|) 
leads to the effective four-fermion vector-vector interaction between quarks and 
lcptons. By applying the Fierz transformation, we can isolate the lepton and quark 
currents (scalar, pseudoscalar, vector and axial-vector currents) in the effective La- 
grangian. In constructing the effective Lagrangian of leptoquark interactions, it is 
necessary to take into account the QCD corrections, which can easily be estimated, 
see e.g. Refs. [29l EQl In the case under study, we can use the approximation of lead- 
ing logarithms because In (Mx/n) ^> 1, where /j, ~ 1 GeV is the typical hadronic 
scale. As the result of taking the QCD corrections into account, the scalar and 
pseudoscalar coupling constants acquire the enhancement factor 

QM = (^) 4/5 , (ID 

\as{M x )J 

where as (p) is the strong-interaction constant on the scale fi,b= 11 — 2/3 (fif), and 
n/ is the mean number of quark flavors on the scales /j? < q 2 < M x ; for M x ^> m 2 , 
we have b ~ 7. 

Let us investigate the contribution to low-energy processes from the interaction 
Lagrangian (|10p involving leptoquarks and find constraints on the parameters of 
the scheme from available experimental data. It will be shown below that the most 
stringent constraints on the vector-leptoquark mass Mx and on the elements of the 
mixing matrix T> follow from the data on rare 7r and K decays and on fie conversion 
on nuclei. 

Possible constraints on the masses and coupling constants of vector leptoquarks 
from experim ental dat a on rare w and K meson decays were analyzed in Refs. fT3Tl23l 
One approacr l ' ' " I was based on using the phenomenological model-independent 
Lagrangians describing the interactions of leptoquarks with quarks and leptons. 
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Fig. 2. Feynman diagrams for the 7r + («d) — > £ + ui decay via the V^-boson and leptoquark X 
exchange. Substituting the c quark instead of u and other down antiquarks s, b instead of d, one 
obtains the diagrams for lepton decays of various charged mesons, where the W and X boson 
contributions interfere. 



Pati-Salam quark- lepton symmetry was considered in Refs. H4 l fT7l - l23l QCD correc- 
tions were included into an analysis in Refs. fT7l - H9l The authors of Ref . IT? . considered 
the possibility of mixing in quark-lepton currents, but they analyzed only specific 
cases in which each charged lepton is associated with one quark generation. In our 
notation, this corresponds to the matrices T> that are obtained from the unit matrix 
by making all possible permutation of columns. 

In the description of the n- and if-meson interactions, it is sufficient to retain 
only the scalar and pseudoscalar coupling constants in the effective Lagrangian. 
Really, these couplings are more significant in the amplitudes, because they are 
enhanced, first, by QCD corrections, and second, by the smallness of the current- 
quark masses arising in the amplitude denominators. The corresponding part of the 
effective Lagrangian can be represented as 

ACr.* = ~ 2TO fi Mx) Q (ft) \D ln (Wt/C) (frfcVi) (U pl5 d n ) + h.C. - ( 75 -> 1) 






M 



X 



v ln v* tn , (e l5 e ) (4'7&40 



+ (/Ctw) {U^K) , (Piwe) (u P >75U p ) - (75 -> 1) 



' p'l 



(12) 



This Lagrangian contributes to the rare 7r, K , r and B decays, which are strongly 
suppressed or forbidden in the standard model. 



4. Constraints on the parameters of the scheme from low-energy 
processes 

4.1. fie Universality in ixti an d K-ei Decays 

Analysis reveals that, in contrast to IF-boson contribution, the leptoquark contri- 
bution to the decay 7r — > ev, see Fig. 2, does not involve suppression that is due to 
the electron mass. The corresponding part of the amplitude can be represented in 
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the form 

x 2TTas{Mx) , t , UmlQ(fi) 

AM ™ = Ml—^ ( WK >« m„(M) + m d ( M ) (e75 ^ ' (13) 

where /^ ~ 132 MeV is the constant of the irlv decay, and m U}d (a<) are the run- 
ning quark masses on the scale fi. The ratio Q (/x) /m (/i) is a renormalization-group 
invariant because the function Q (/i) (|11[) determines the law of variation of the run- 
ning mass. The known values^ of the current-quark masses, m u = (1.7 — 3.3) MeV, 
m d = (4.1 - 5.8) MeV, and m s = lOltH MeV, correspond to the scale [i ~ 2 GeV. 
For evaluations, we take the central values of them. The contribution to the ampli- 
tude from the TF-boson exchange has the form 

AMZ„ = -U%m e lC ei y ud [e(l - 75) Vi\ . (14) 

Taking into account the interference of the amplitudes (|13p and (O, we find 
that the ratio r (tt —¥ ev) jY (n — > jjlv) = R^ of the decay widths is given by 



XLtt — -/Xtt 



It' 



j _ 2 A /2 7 ra s (M x )m^Q Rc / I? ed ^ \ 
G F M x m e (m u + m d ) \ V ud ) 



(15) 



where -R^w = (1.2345 ± 0.0010) x 10~ 4 is the value of this ratio in th e stand ard 
model.- Bringing together the results of R n measurements at TRIUMP '-' ^o | and 
in the Paul Scherrer Institute!^ we arrive at the conclusion that the leptoquark 
mass obeys the constraint 

M x > (210 TeV) |Re (V ed U* eu )\ 1/2 . (16) 

The vector-leptoquark contribution can also disturb the ratio R^ of fie univer- 
sality for the decays K — > ev and K — > fiv. Feynman diagrams for these processes 
can be obtained from the diagrams in Fig. 2, replacing d by s. In an analogy with 
the analysis of the ratio of 7Tf2-decay widths, we find that the experimental data^ 
on Rk yield the constraint 

M x > (150 TeV) |Re (V es U* eu )\ 1/2 . (17) 

In this analysis, it was essential to take into account the interference of the W- 
boson and leptoquark contributions to the amplitudes, which was not considered 
in Ref. 17.. Really, because of mixing, the phenomenological neutrino v u produced 
in the leptoquark interaction is a superposition of the phenomenological neutrinos 
produced in the weak interaction: 

v u = U* u v e + U* u t/„ + U* u v T . (18) 

Because the experimental interval for Rk (see Table [lj falls below the theoretical 
value of this ratio in the standard model (Rkw = 2.57 x 10~ 5 ) and because the 
interference of the above amplitudes is destructive, the inclusion of this interference 
substantially changes the estimate of the leptoquark mass. 
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Fig. 3. Feynman diagrams for the K^(ds + sd) — > e /i + decay forbidden in the standard model, 
via the leptoquark exchange. 



4.2. Rare K^-Meson Decays 

The amplitude of the process K a L — > e~/i + forbidden in the standard model, is 
calculated in the similar way as the amplitude (fT5]i. see Fig. 3. The result is 



M$^ 



V2Tra s {M x )f K m 2 K Q 
M x (m s + m d ) 



YDr/Dl 



T>„V 



iid) 



(e75y«) 



(19) 



160 MeV is the constant of the Klv decay. We find that the use of the 
^ in our scheme leads to the constraint 

1/2 



where Jk 

available experimental data^ 

M x > (2100 TeV) \V ed v; s +V es v; d \^\ (20) 

Experimental values-- of Br (A'£ — > (i + n~) closely approach the unitary 
limit Br a b s = 6.8 x 10~ 9 . Therefore, the effective leptoquark contribution to 
Br (i^° — * M + M _ ) is unlikely to exceed 1 x 10~ 10 . The amplitude of the process 
is obtained from (fl9|) by making the substitution e — > \x. We finally obtain 

M x > (1100 TeV) |Re (V^V; s )\ 1/2 . (21) 

The amplitude of one more rare K\ decay, into an electron and a positron 
through an intermediate leptoquark, can also be obtained from (1191) by means of 
the substitution /i — > e. Experimental valuea^of Br (K\ — > e + e~) closely approach 
the unitary limit Br a b s =9x 10 -12 . Therefore, the effective leptoquark contribution 
to Br {K\ — > e + e~) is unlikely to exceed 5 x 10 -12 . In this case, the constraint on 
the leptoquark mass is 



M x > (2400 TeV) |Re (V ed V* e 



,1/2 



(22) 



4.3. Rare K~t~ Decays 

Among rare K + decays, that can occur at the tree level in the model under study, 



7T + /! + e~ 



K+ 

The amplitude of the decay K + — 

2wa s (Mx) fl {q 2 [ 



and K + — > 7r + /j e + <£" yield the most stringent constraints. 



7r + /i + e can be represented in the form 



■^K-nne 



(m 2 K - m l)+f _( q 2 ) q * 



Ml 



m s -m d 



QV ed V* (en) , (23) 
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Table 1. Constraints on the leptoquark masses and on the elements of the mixing matrices from 
experimental data on rare n and K decays and on fie conversion on nuclei. 

Experimental limit Ref. Bound 

r (tt+ ->■ e+i/ e ) = 23iQ iQ _ 4 ^^ M Te y 

w5+ ^t^H = ( 2 - 4 93 ± 0-031) x 10~ 5 [35] M * -^ > 150 TeV 

Br(_ft-+ -»■ yr+^+e-) < 1.3 X 10" 11 Eg] Mx ,, > 240 TeV 

Br(K+ -> 7r+^-e+) < 5.2 x lO" 10 E3 — ^ x /2 > 100 TeV 

\j- > esTJ,j,d\ ' 

Br(Kl ■+n+it-) = (6.84 ±0.11) x 10" 9 MM — —^—t^ > 1100 TeV 

Br( ^o _> e±A(T) < 47 x 10 _ia go] ^ + p ca p* 1 1/2 > 2100 TeV 

Br{Kl -> e+e-) = (9± 6 4 ) X 10" 12 E] |Re(p ^ )|l/2 > 2400 TeV 

"■(M-Au^e-Au) Q x 1Q _ 12 A f x > 100Q TeV 

<j(/j Au^ capture) P e d» M d| 1/2 



where g is the 4-momentum of the lepton pair, and /? _ are the known form factors 
of the K® 3 decay. The amplitude of the decay K + —t ir + /.i~e + is obtained from ([23]) 
by means of the substitution e ■<-> a. The resulting constraints on the leptoquark 
mass involve the same elements as those present in (|20|) . but they appear separately: 

M x >(240TeV)\V ed V f , s \ 1/ \ 

(24) 



M x > (100 TeV) \V es V 



,1/2 



l*\ 



4.4. fie Conversion on a Nucleus 

This is one more low-energy process, which can proceed through leptoquarks. Co- 
herent fie conversion, which leaves the nucleus in the ground state and which leads 
to the production of monoenergetic electrons with highest possible energy ~ m M , is 
most convenient for observation. The effective Lagrangian of the coherent ue con- 
version involves only scalar and vector quark currents. In the model under study, it 
has the form 



27ra s (M 



x 



AC ^ ~ Jp V edD*, ld 



2 ( e 7aM) (dlad) - (en) (dd) Q (u) 



(25) 
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Table 2. Constraints on the model parameters from r decays. 
Experimental limit Ref. Bound 
Br(r- -» e~K%) < 2.6 X 10" s \M 7^r~^ M * - l1/9 > 10 TeV 

Br{j- ->• u"i<rg) < 2.3 x 10" 8 EH Mx ™ > 11 TeV 

Br(r~ ->• e-7T°) < 8.0 x 10" 8 \M ; Mx „<i > 7 TeV 

Br(r" -> /i-7r ) < 1.1 X 10" 7 Hi Mx 1/2 > 6 TeV 



Using the computational technique developed in Ref. H2I for the effective quark- 
lepton interaction of the form (|25p , we estimated the branching ratio of /j,e conversion 
on gold. By applying the result to the experimental data reported in Ref. 1421 we 
arrived at the constraint 

M x > (1000 TeV) \V ed V^ d \ 1/2 . (26) 

The constraints that we obtained for the parameters of our model from experi- 
mental data on rare it and K decays and on /j,e conversion on nuclei are summarized 
in Table [1] It can be seen that all the constraints involve the elements of the un- 
known unitary mixing matrices T> and U, which are related by the single condition 
U + T> = V. Therefore, the possibility cannot be ruled out for the constraints on the 
vector leptoquark mass Mx to be much weaker than the numbers in Table [1] For 
example, this is the case if some of the elements T> ec i, £> M d, T> es and T)^ are small 
enough. Given the unitarity of the matrix T>, this would mean that its elements 
presented in the interactions of the r-lepton and 6-quark should be close to unity. 
In this case, leptoquarks might make more significant contributions to t and B 
decays. 



4.5. t Decays 

The current accuracy of experimental data on the r and B decays is poorer than in 
the processes considered above. Nevertheless it is possible to obtain some constraints 
on the elements of the matrix V and on the leptoquark mass from the data on decays 
that are strongly suppressed or forbidden in the standard model. 

The amplitude of the decay r~ — > ^~Kg proceeding through a leptoquark is 
given by 

KA x Tras(Mx) Ik ,„ ,_.* „ „* ,. / . 2m 2 K Q \ 

M T , K = ^ m1 (V, s V Td - V, d V TS ) [rn T +m»- —f-j ( Pl5 r) . 

(27) 
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Table 3. Constraints on the model parameters from the data on rare B+ decays. 



Experimental limit 



Ref. Bound 



Br(B+ ^ K+e-fj,+ ) < 1.3 xW~ 7 H3 



Br(B+ -> K+e+fi,-) < 0.91 x 10~ 7 H3 



Br(B+ -> 7r+e+/i-) < 0.92 X 10" 



Br(B+ -tK+^T*) < 7.7 x 10~ 5 l49l 



l^ e ^ Mb | 1/2 
M x 

M X 



> 38 TeV 



> 12 TeV 



> 42 TeV 



M x 



prsV^ 2 + \V !J , a V Tb \ 2 ) 



2\T74 



> 8 TeV 



The amplitude of the decay t - — > e~Kg is obtained from (|27p as the result of 
the substitution // — > e. From the experimental upper limits on the widths of these 
decaysp^we find the constraints which are presented in the Table [5J 

Making corresponding substitutions, one can obtain in a similar way the con- 
straints from the processes t~ — > e~n° and r~ — > n~ir°, see Table[2j 



4.6. Rare B-Meson Decays 

Let us consider the B decays, for which there are experimental constraints, and 
which may proceed through an intermediate leptoquark. The decay B + — > K + e~ /i + 
is an example of the process being forbidden in the standard model. The amplitude 
of this decay via the vector leptoquark can be represented in the form 



Ml Ke ^ 



2v / 27ra s (M x ) 



M x 



V es V 



fib 



/+ 0? 2 ) (PB+PK) a (ej a fi) 



fl( q 2 )m 2 B + fl(q 2 )q 2 



mi, 



Q(p )(en) 



(28) 



where ps and pk are the 4-momenta of the B- and X-mesons; the remaining nota- 
tion is identical to that in equation (|2U)) . We assume that the form factors /? _ are 
of the same order of magnitude as in the K® 3 decay. This assumption is in agreement 
with the results obtained from the analysis of the decay B + — > D i + v. 

The amplitude of the decay B + — > K + e + /i~ is obtained from Eq. (|2"51) by means 
of the interchange e ■<-> fi. Using the experimental data reported in Ref. I47[ we arrive 
at the constraints 

M x >(38TeV)\V es V^ b \ 1/ \ 

(.29) 
M x >{42TeV)\V^V eb \ 1/2 . 

Making corresponding substitutions, one can also obtain in a similar way as for 
the decays of the K + meson, the respective constraints from other processes of B + 
decay (see Tabled]). 
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Table 4. Constraints on the model parameters from experimental 
data on rare B° and B® decays. 



Experimental limit 



Rcf. Bound 



Br(B° -> e+e") < 8.3 X 1CT 8 [52] 

Br(B° -> fj,+n~) < 1.5 x 10" 8 [53] 

Br(B° ^ t+t") < 4.1 x 10" 3 [54] 

Br(B° ->-e+/i-) < 6.4 x 1(T 8 [52] 

Sr(S° -> e+r") < 2.8 x 10 -5 [55] 

Br(B° -> ^+T~) < 2.2 x 10" 5 [55] 

Br(B° -> e+e") < 2.8 X 10 -7 [52] 

Br(B° ->-/i+/x-) <4.2 X 1CT 8 [56] 

Br(B° -J-e+ji - ) < 2.0 X 1(T 7 l52l 



- " A l1/9 > 51 TeV 

- A J- X .,,- > 79 TeV 
M x 






172 > 3 TeV 



M x 



Yj2 > 55 TeV 



»rd»e6 



Mx 



»rd» M6 | 1/2 



Mx 



172 > 11 TeV 



> 12 TeV 



- Z X n/2 > 38 TeV 
^ ^, 1/2 > 61 TeV 



Mx 



© us D Ph r/2 



> 41 TeV 



The amplitudes of the J5° and -B" decay processes into charged lepton pairs 
can be calculated in a similar way as the amplitude (fl"9|) . For the B meson decay 
constant we take fs — 220 MeV, see e.g. Refs. [50) [51] From these processes the 
constraints on the leptoquark mass and the V matrix elements are obtained. They 
are collected in Table [4] 



5. Combined constraint from the 7r, K, t, B decays 

All the constraints on the vector leptoquark mass collected in Tables [TH4] contain 
the elements of the unitary T> matrix: 



V 



In 



T^lid T^as ^nb 



(30) 



\V T d V TS V T bJ 
There are also two constraints in Table Q] containing the element of the U matrix: 
U m = T>edKd + V es V* s + V eb V* b ~ 0.974 V ed + 0.225 V es + 0.004 V eb , (31) 
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where V is the Cabibbo-Kobayashi-Maskawa quark-mixing matrix, see Ref. [TUJ 
p. 150. 

Let us try to establish, varying the unknown elements of the T> matrix, the lowest 
limit on the vector leptoquark mass, being in agreement with all the constraints 
presented in Tables HHU The similar approach was developed in Ref. [57] 

It is possible for the strongest constraint on Mx arising from the limit on 
Br{K\ -» e ± ^ T ), see Table Q] to be much lower than 2100 TeV if the matrix 
elements T> e d and T> es are small enough. For evaluation, let us take them to be zero. 
In this case, all the estimates which are presented in the right column of Table [TJ 
disappear, except the one arising from the limit on Br{K a L — > /i + ^~). Because of 
unitarity of the T> matrix, the elements T> ^ and T> T \, are also equal to zero. The re- 
maining (2 x 2)-matrix can be parameterized by one angle. The insertion of the phase 
factor allows to eliminate the restriction arising from the limit on Br{K a L — >• fi + n~) 
which contains the real part of the T> matrix elements product. For example, it is 
possible to take the T> matrix in the form: 



/ 1\ 



v f 



(32) 



cos ip i sin cp 

\ i sin ip cos ip / 

As the analysis shows, in this case there appear the following constraints from the 
remaining limits of Tables [2]-[4] on the branching ratios of the processes: 
i) r- -► fi-K° 

M x > 11 TeV|cos2v3| 1/2 , (33) 



ii) T — > /i 7T° 

hi) B° -> e+fi- 



M x > 6 TeV | sin 2^| 1/2 , (34) 

M x >55TeV|cos<p| 1/2 , (35) 

M x >41 TeV|sin^| 1/2 . (36) 

Here, the weaker constraints of the same type are omitted. Combining these con- 
straints one obtains the final limit on the vector leptoquark mass from low-energy 
processes: 

M x > 38 TeV . (37) 



6. Different mixings for left-handed and right-handed fermions 

We consider a possibility when the quark-lepton symmetry is the next step beyond 
the standard model. Then the left-right symmetry which is believed to exist in 
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Table 5. Constraints on the model parameters from experimental data on rare n and 
K decays in the case of different mixings for left-handed and right-handed fcrmions. 



Experimental data 


Bound 


T (tt+ -> e + v & ) 

T (7T+ -)■ fL+Vp) 


^ ,-^r > 210 TeV 

|rc(^>L l) *)| v 


T (K+ -+ e+u e ) 

r (k+ -> n+vp) 


^x > 150 TeV 

Repifw^'*) 


Br(K+ -s-TT+At+e") 


^ jyj > 200 TeV 

\ \ ed A 1 * ' \ ed V 1 \ J 


Br{K+ -^TT+tJ,-e+) 


Mi > 84 TeV 


Br(K°^n+ti-) 


^ ^ > 780 TeV 

T) (L) T) (fl)* .WiiWI) 1 / 3 

| ^fid ^s + Md f« | 


Br{K% -> e±^T) 


X ~~ 1 77fl TrV 


/l |2 \ X / 4 


Br(K l l -> e+e") 


Mi ™ > 1700 TeV 



Nature, should restore at higher mass scale. But this means that the left-right sym- 
metry should be broken at the scale Mj. It is worthwhile to consider the matrices 
p( i ) ) ^( L ) and pW^M which are in a general case different for left-handed and 
right-handed fermions. This possibility and some its consequences were also consid- 
ered in Refs. [20Tf23l The interaction Lagrangian of leptoquarks with fermions takes 
the form instead of Eq. (|10l) : 

9 s (M x ) 



-x 



V^ (t°«dn) +V ( £ * ] (£°M 

X Q + h.c, (38) 



2\/2 

\ J in \ J ir) 



where O a = j a (1 - 75), 0' a = j a (1 + 75). 

The constraints on the model parameters from experimental data on rare it 
and K decays collected in Table Q] in the case of different mixings take the forms 
presented in Table [5] If one would wish to reduce the limits of Table [5] on Mj from 
thousands and hundreds to tens of TeV by varying the elements of the V^ and 
T>( R > matrices, it seems that the elements T> ed and T) ed should be taken small 
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in any case. For evaluation, let them be zero. Then, the most strong restriction of 
Table [5] from the limit on Br(K\ — > e ± /i T ) takes the form: 



M x 



v&v™ 



+ 



vi?v% 



1/4 



> 1770 TeV. 



(39) 



There are two possibilities to eliminate this bound together with other bounds 
of Table [5] which we call the symmetric and the asymmetric cases. 

The symmetric case is realized when both of the matrices T>^ L > and T)( R > are 
taken in the form of Eq. (|32|) with the angles ifL and <pr. In this case the restriction 
from the limit on Br(K\ — > fi + ^) takes the form: 



M x > 780 TeV | sin (<p L - tp R ] 



1 1/2 



(40) 



and the angles should be close to each other or differ by 7r, in any case we come 
back to the results of Sec. O 

The asymmetric case is realized when the matrices are taken in the form: 



V 



(L) 



I cos xl sin xl \ 

0- sin xl cos xl 
\l ) 



V 



(R) 



/0 1 \ 

1 
\1 J 



(41) 



In the Table [4] which has provided one more group of essential restrictions in Sec. [5] 
the following substitutions should be made in the bounds: 



IW 



V2\ 






U lq U t'b 



1/2 



(42) 



where £,£' = e,fi,r and q = d,s. As the analysis shows, the most stringent con- 
straints arise from the following limits on the branching ratios of the processes: 

i) B° -> ii+ v- 



ii) B° 



e T |U 



M x > 51 TeV | cos xl 



M x >41 TeV | sin xl 



1/2 



1/2 



(43) 



(44) 



Combining these constraints, one obtains the final limit on the vector leptoquark 
mass from low-energy processes in the case of different mixing matrices for left- 
handed and right-handed fermions, which coincides, with a good accuracy, with the 
limit (|37|l obtained in the left-right-symmetric case: 



M x > 38 TeV . 



(45) 



February 24, 2013 20:23 WSPC/INSTRUCTION FILE 

KuznMikhSerg'IJMPA'corr 



The third type of fermion mixing in the lepton and quark interactions with leptoquarks 17 

7. Constraint from the decay tv° — >• vu 

Only one process was found ° in which the lower limit on the leptoquark mass was 
independent of mixing parameters, the decay ir° — > vv. 

In the standard model, the width of this process is proportional to m^, but it 
can also proceed through the leptoquark exchange; in the latter case, there is no 
suppression associated with the smallness of the neutrino mass. The corresponding 
amplitude of the process has the form 

^- TO ^y (*q»(^ (»»■»>■ <-) 

and the decay probability summed over all neutrino flavors i and j does not depend 
on mixing. 

From the accelerator data^J for the decay n° — » vv: 

Br (tt° -> vv) < 2.7 x 10~ 7 , (47) 

we obtain a constraint: 

M x > 600 GeV. (48) 

In Rcfs. 59, 60]the almost coinciding astrophysical and cosmological estimations 
of the width of this decay were found, being much stronger than the accelerator 
limit (g7|), 

Br (tt° -+vv)<3x 10~ 13 . (49) 

The resulting constraint on the leptoquark mass was estimated to beM^I 

M x > 18 TeV. (50) 

The astrophysical estimation^ was based on evaluating the excess energy-loss 
rate from SN 1987A if the process 77 — > ir° — > vv via the pion-pole mechanism 
occurred, permitted if the neutrinos had a right-handed component. In turn, the 
cosmological limit on the width of the decay ir° —> vv was established in Ref. |60j 
where the production was considered of right-handed neutrinos produced from the 
cosmic thermal background at the temperature of about the pion mass through the 
reaction 77 — > 7r° —$■ vv. 

However, in Ref. [61] it was mentioned that the astrophysical limit!^ must be 
relaxed in several orders of magnitude, because the effect of nuclear absorption of a 
pion in a supernova core was not considered in Ref. 59 In turn, a criticism has been 
expressed in Ref. l62lon the cosmological limit" u also. At the temperature where the 
pion mechanism is at resonance, the strong interaction among pions occurs much 
faster than the pion decay: the rate of ir — ix scattering, T^-^ ~ 0.2 MeV, dominates 
the pion lifetime in the dense medium, resulting in a suppression of several orders 
of magnitude in the rate of neutrino p rodu ction. 

Therefore, only the laboratory limitP"' for the decay n° — > vv should be consid- 
ered as reliable, to establish the bound Mx > 0.6 TeV. 
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8. Conclusion 



Thus, the detailed analysis of the available experimental data on rare 7r, K, t and 
B decays and on the /j,e conversion yields constraints on the vector leptoquark mass 
that always involve the elements of the unknown mixing matrix T>. Combining the 
constraints from the experimental data on the low-energy processes presented in 
Tables HHH we have obtained in the case of identical mixings for left-handed and 
right-handed fermions the following lowest limit on the vector leptoquark mass: 
Mx > 38 TeV. The lowest limit obtained in the case of different mixing matrices 
for left-handed and right-handed fermions appears to be the same. 
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